The risk-increasing effect of weight variability on mortality was preserved after excluding past and current smokers as well as those with pre-existing cardiovascular disease or cancer. In conclusion, high weight variability may lead to elevated risk of death even among healthy never smokers. Therefore, maintaining a steady weight should be recommended to benefit from reduced risk of death.
Obesity is a major risk factor for diabetes, hypertension, dyslipidemia, and cardiovascular diseases [1] [2] [3] . Furthermore, numerous studies have reported that obesity is associated with increased risk of mortality [4] [5] [6] [7] . However, whether or not weight loss actually leads to health benefits has been controversial. While some studies suggest that weight loss for obese people is associated with reduction in mortality risk [8] [9] [10] [11] , other observational studies have shown that weight loss may lead to elevated risk of death [12] [13] [14] . Although the reasons for such conflicting results are unclear, it has been suggested that weight fluctuation may play an important role. As individuals who lose weight frequently regain their weight 15, 16 , high weight variability may lead to unwanted health outcomes among those who initially lose weight.
After initial studies revealing that high weight variability was associated with increased risk of mortality [17] [18] [19] [20] , most recent studies have failed to replicate such results [21] [22] [23] [24] . However, most previous studies investigating the effect of weight variability on mortality used relatively small sample sizes within Western populations [17] [18] [19] [20] [21] [22] [23] [24] . Although few studies have examined the effect of weight change on mortality 25, 26 , only one other study has explored the association between weight fluctuation and mortality within an Asian population 22 . Since Asian people tend to have higher body fat composition compared to Caucasians with similar body mass index (BMI) values 27, 28 , the health consequences of weight variability for Asians may be different compared to those within Western populations. Therefore, studies investigating the effect of weight variability on mortality in a large Asian population are needed.
In this population-based longitudinal study, we aimed to determine the effect of weight variability on all-cause and cause-specific mortality among a large population of Korean men and women using the Korean National Health Insurance Service (NHIS) database.
Methods study population.
Since the National Health Insurance Act in 1989, the NHIS provides health insurance for 97% of all Korean citizens 29, 30 . Furthermore, the NHIS provides biannual health screening examinations for all citizens aged 40 years or more. During the health examination, participants are required to fill self-reported questionnaires on health behaviors, past history, and family history, as well as undergoing basic physical examinations measuring height, weight, and blood pressure. Furthermore, all participants undergo blood tests to determine various biochemical markers such as fasting serum glucose (FSG) and total cholesterol. Based on the data from health examinations, sociodemographics, hospital use, and death registries, the NHIS constructed a database by a simple random sampling method. The resulting cohort, the National Health Insurance Service -National Health Screening Cohort (NHIS-HEALS), followed up men and women aged 40 years or older who underwent health examinations in 2002 until 2015. The data used in this study is directly available via the NHIS database www.nature.com/scientificreports www.nature.com/scientificreports/ registration system. Numerous previous studies have used this NHIS-HEALS database for epidemiological studies, and its validity has been described in detail elsewhere Key variables. BMI values, determined by dividing the weight in kilograms by the height in meters squared, were measured for each of the three health examination periods. Then, weight variability was calculated by the average successive variability (ASV) method 32 . In detail, weight variability was determined by calculating the averaged absolute values of the differences in BMI between examinations. Then, the study population was divided into five groups according to quintiles of weight variability, with the first quintile having the lowest weight variability and the fifth quintile having the highest weight variability.
Death registry data from the Korea National Statistical Office merged with the NHIS database were used to determine deaths and causes of death. Death from all causes was identified as participants with death dates between 1 January 2008 and 31 December 2015. Among those with a death date, cause-specific mortality was determined by the cause of death, which identifies the cause of death using the Tenth Revision of International Classification of Diseases (ICD-10) codes by the World Health Organization. Death from cardiovascular disease was defined when the cause of death was due to ischemic heart disease (ICD-10 codes I20-I25) or cerebrovascular disease (I60-69) 33 . Death from cancer was defined when the cause of death was due to cancer (C00-C97). Finally, death from other causes was defined when the cause of death was not due to cardiovascular disease or cancer.
Potential confounding covariates considered were age (continuous, years), sex (categorical, men or women), baseline BMI (continuous, kg/m 2 ), change in BMI (continuous, kg/m 2 ), household income (categorical, first, second, third, or fourth quartiles), smoking (categorical, never smoker, past smoker, or current smoker), alcohol consumption (categorical, <1, 1-2, 3-4, or 5 times per week), physical activity (categorical, 0, 1-2, 3-4, 5-6, or 7 times per week), systolic blood pressure (continuous, mmHg), FSG (continuous, mg/dL), total cholesterol (continuous, mg/dL), underlying cancer (categorical, yes or no), and underlying cardiovascular disease (categorical, yes or no). BMI change, which was included to take direction of weight change into account, was determined by the difference in BMI values between the third and first health examinations. Household income was determined based on the participant's insurance premium, among entire Korean population. Finally, underlying cardiovascular disease and cancer were determined when a participant had a record of hospital use with the corresponding ICD-10 codes between 2002 and 2007. statistical analysis. All participants were followed-up from 1 January 2008 and ended at the date of death or 31 December 2015, whichever came first. The risk of death from all causes, cardiovascular disease, cancer, and other causes according to weight variability was determined by calculating the hazard ratios (HRs) and 95% confidence intervals (CIs) using Cox proportional hazards regression analysis. In all analyses, the first quintile of weight variability, those with the lowest weight variability, was considered the reference group. Furthermore, Table 2 . Effect of weight variability on death from all causes, cardiovascular disease, cancer, and other causes.
Body mass index variability (ASV)
Hazard ratio calculated by Cox proportional hazards regression analysis after adjustments for age, sex, baseline body mass index, change in body mass index, household income, smoking, alcohol consumption, physical activity, systolic blood pressure, fasting serum glucose, total cholesterol, underlying cancer, and underlying cardiovascular disease. Acronyms: ASV, average successive variability; HR, hazard ratio; CI, confidence interval.
www.nature.com/scientificreports www.nature.com/scientificreports/ p for trend values were calculated in order of increasing weight variability for the risk of death from all causes, cardiovascular disease, cancer, and other causes.
Stratified analyses of the effect of weight variability on death from all causes were conducted according to subgroups of sex, initial BMI, physical activity, and direction of weight change. Initial BMI was grouped into normal weight (<23.0 kg/m 2 ), overweight (23.0-24.9 kg/m 2 ), and obese (≥25.0 kg/m 2 ) according to the World Health Organization Western Pacific Region guideline 34 . For sensitivity analyses, the effect of weight variability on death from all causes was conducted after excluding past and current smokers, as well as individuals with underlying cancer or cardiovascular disease. Also, sensitivity analysis without adjustment for change in BMI was conducted. Statistical significance was defined as a p value of less than 0.05 in a two-sided manner. All data collection and statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC, USA). www.nature.com/scientificreports www.nature.com/scientificreports/ ethical considerations. The Seoul National University Hospital Institutional Review Board approved this study (IRB number: X-1701/378-902). The requirement for informed consent from the participants was waived as the NHIS-HEALS database is anonymized according to strict confidentiality guidelines. Table 1 depicts the descriptive characteristics of the study population according to weight variability. Among 240,640 study participants, approximate of 20.1%, 19.8%, 20.0%, 20.1% and 20.0% individuals were allocated for the first, second, third, fourth, and fifth quintiles of weight variability group, respectively. The mean weight variability values determined by ASV for the first, second, third, fourth, and fifth quintile groups were 0.24 kg/ m 2 , 0.50 kg/m 2 , 0.73 kg/m 2 , 1.03 kg/m 2 , and 1.91 kg/m 2 , respectively. The proportion of weight gain and weight loss among total study population was 47.5% and 52.5%, respectively. The overall prevalence of obesity at the first and third examination was 34.3% and 33.8%, respectively. Participants who were female, had lower household income, were never smokers, did not consume alcohol, and had underlying cardiovascular disease or cancer tended to have greater weight variability.
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Results
The effect of weight variability on death from all causes, cardiovascular disease, cancer, and other causes are shown in Table 2 . Compared to those within the first quintile (lowest) of weight variability, those within the fifth quintile (highest) of weight variability had increased risk of death from all causes (HR 1.33, 95% CI 1.26-1.41), cardiovascular disease (HR 1.31, 95% CI 1.12-1.53), cancer (HR 1.11, 95% CI 1.02-1.22), and other causes (HR 1.58, 95% CI 1.45-1.73). Furthermore, the risk of death from all causes, cardiovascular disease, cancer, and other causes increased upon greater degrees of weight variability (p for trends <0.001). Table 3 shows the results from stratified analyses of the effect of weight variability on death from all causes according to subgroups of sex, initial BMI, physical activity, and direction of weight change. The risk of death from all causes was increased among those with the greatest weight variability compared to those with the lowest weight variability for both men (HR 1.33, 95% CI 1.24-1.42) and women (HR 1.32, 95% CI 1.18-1.48). When the participants were divided into normal weight, overweight, and obese individuals during the first health examination, those with the greatest weight variability had elevated risk of death from all causes for normal weight (HR 1.37, 95% CI 1.25-1.49), overweight (HR 1.33, 95% CI 1.18-1.49), and obese (HR 1.24, 95% CI 1.12-1.38) participants. Both participants who exercised (HR 1.31, 95% CI 1.22-1.42) and did not exercise (HR 1.36, 95% CI 1.25-1.49) had elevated risk of death from all causes among those within the fifth quintile compared to those within the first quintile of weight variability. Finally, participants with the greatest weight variability had elevated risk of death from all causes for both those who gained weight (HR 1.30, 95% CI 1.20-1.41) and those who lost weight (HR 1.38, 95% CI 1.27-1.49). For all subgroups, the risk of death from all causes increased upon greater weight variability (p for trends <0.001).
Results from the sensitivity analyses of the effect of weight variability on mortality after excluding past and current smokers, as well as participants with underlying cancer or cardiovascular disease are depicted in Table 4 . Compared to never smoking healthy participants with the lowest weight variability, those with the greatest weight variability had elevated risk of death from all-causes (HR Table 4 . Sensitivity analysis of the effect of weight variability on death from all causes after excluding past and current smokers, and individuals with underlying cancer or cardiovascular disease and current smokers. Hazard ratio calculated by Cox proportional hazards regression analysis after adjustments for age, sex, baseline body mass index, change in body mass index, household income, alcohol consumption, physical activity, systolic blood pressure, fasting serum glucose, and total cholesterol. Acronyms: ASV, average successive variability; HR, hazard ratio; CI, confidence interval.
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Sensitivity analysis without adjustment for change in BMI is depicted in Supplemental Table 1 . High weight variability was also associated with the increased risk of death in all cause-specific subgroups. Supplemental Table 2 shows the effect of weight change on death from all causes in inclusion of participants who underwent health examinations twice. Both weight gain and loss were associated with significant increased risk of death, compared to stable weight group. Finally, the effect of weight change direction and fluctuation on mortality is shown in Supplemental Table 3 . Compared to stable weight groups, all three of continuous weight gain, continuous weight loss, and weight fluctuation groups were associated with increased risk of all-cause mortality.
Discussion
In this population-based study of more than 240,000 Korean men and women, we have shown that weight variability is associated with increased risk of death from all causes, cardiovascular disease, and cancer. We also demonstrated that increased risk of death among those with high weight variability was preserved regardless of initial BMI or direction of weight change. To our knowledge, this is the first study to show that those with high weight variability had elevated risk of mortality among never smokers without pre-existing cardiovascular disease or cancer.
Previous studies investigating the association between weight fluctuation and mortality have been controversial. Although initial studies have reported that weight variability is associated with higher risk of mortality [17] [18] [19] [20] , numerous subsequent studies have failed to replicate these results [21] [22] [23] [24] . Previous studies that failed to show that high weight variability was associated with increased risk of death tended to have smaller study populations (largest being 122,638 people) 24 , shorter follow-up durations, or measured weight variability based on self-reported questionnaires 23, 24 . Such limitations may have led to the lack of a significant association between weight variability and mortality in previous studies. However, the exact reasons for the lack of consistency between studies are not yet clear and merit further investigation.
Most recently, a study investigating the effect of weight variability on cardiovascular disease and mortality among coronary artery disease patients revealed that increased weight variability was associated with elevated risk of mortality 32 . This study, however, only contained patients with histories of coronary artery disease 32 , thereby limiting the generalizability of the results. Furthermore, the observational period of weight variability and follow-up period for mortality overlapped 32 , thus leaving the possibility of reverse-causality open. Our results further extend the knowledge of this previous study by demonstrating that high weight variability led to increased risk of death among a large general population.
The association between weight variability and death is even less investigated among Asian population. Recent two studies suggested higher mortality in either moderate weight gain or loss, implying importance of maintaining stable weight 25, 26 . However, these studies were based only two weight measurement, thus could not represent exact weight fluctuation 25, 26 . There was one other study suggested that weight gain was associated with a reduced risk of mortality 35 . However, the period of determination of weight variability and detection for mortality are overlapped in this study, thus subject to possible reverse causation. To our knowledge, only one other study investigated the association between weight fluctuation and mortality within an Asian population 22 . The study determined that while high weight variability was associated with elevated risk of death among 6,537 Japanese-American men, the positive association was not preserved when limiting the population to never smokers without known pre-existing conditions 22 . The authors concluded that weight variability itself may not elevate the risk of death, but rather that smoking and pre-existing conditions are more important contributors to increasing mortality 22 . However, the results of our study show that increased risk of death due to high weight variability was preserved even among never smokers without pre-existing cardiovascular disease or cancer. Therefore, our results altogether with recent studies suggest that weight variability itself may be a contributor to raising the risk of death while maintaining steady weight could be beneficial 25, 26 . One of the notable findings among Asian studies including our study was that the absolute risk for those who were not obese was higher than those who were overweight 36 , while in studies on Western population showed the magnitude of the absolute risk was lower in normal weight group. Perhaps the different ethnicity, as well as the differing BMI cut-off values according to ethnicity may be the reason behind the difference. Weight reduction may not necessarily be entirely beneficial for overweight individuals and future studies aimed at the benefits of weight reduction among overweight and obese individuals within an Asian population are needed.
Various studies have shown that high weight variability is associated with increased risk of diabetes 32, 37 , elevated coronary calcification 38 , cardiovascular-r1elated biomarkers such as insulin and triglycerides 39 , and the net gain of fat mass 40 . Each of these outcomes has been established as risk factors for cardiovascular disease, which could lead to elevated risk of cardiovascular disease 19, 32 and death from cardiovascular disease [41] [42] [43] [44] [45] . Furthermore, a previous study has demonstrated that weight fluctuation is associated with shorter telomere length 46 . Shortened telomere length, along with elevated insulin levels, may lead to increased risk of incident cancer, consequently resulting in elevated risk of death from cancer among those with high weight fluctuation. However, the exact mechanisms of how weight variability may elevate the risk of death are unclear and merit further investigation.
Several limitations need to be considered when interpreting the results of our study. First, as weight fluctuation was not determined after the third health examination, possible weight changes after the index date were not accounted for. Second, although BMI is a widely-used measure of adiposity, the exact changes in fat mass according to weight variability could not be measured. Future studies investigating the effect of fat mass and lean mass variability on mortality are needed. Third, the study population consisted of those who participated more than three health examinations, a group that could have certain sociodemographic tendencies. However, we attempted to account for this by adjusting for factors such as household income. We have also conducted a sensitivity analysis by including participant who underwent health examinations twice. Although there was a similar tendency of www.nature.com/scientificreports www.nature.com/scientificreports/ increased mortality according to weight changes, further studies would be needed to address concerning demographic tendency. Fourth, potential mechanism or cause-specific death other than cancer and cardiovascular disease were not specified. Since the association of weight variability with death in our study was strongest among deaths from other causes, future studies to uncover specific mechanisms and disease associated with high weight variability are needed. Lastly, we could not assess the intentionality of weight change. However, we attempted to take this into account by adjusting for and conducting subgroup analysis according to physical activity, which may be a surrogate marker for intentional weight loss. Furthermore, upon stratified analysis according to the direction of weight change, both individuals who lost and gained weight had elevated risk of death among those with high weight variability.
To our knowledge, this is the first study to demonstrate that high weight variability is associated with increased risk of death among healthy never smokers within a general population. We used a large study population of a nationally representative cohort with a wide range of potential confounding covariates to enhance the reliability and generalizability of our results. Particularly, subgroup analyses and various sensitivity analyses indicated maintaining stable weight would be beneficial. Although The results of our study implicate that maintaining steady weight could be beneficial, determining the risk and benefit of absolute weight change versus weight variability among individual who already gained weight is still difficult issue, thus merit further investigation.
In conclusion, high weight variability may lead to increased risk of death from all causes, cardiovascular disease, and cancer. The detrimental effect of weight fluctuation on elevated mortality risk may be preserved among healthy never smokers regardless of initial BMI, physical activity, and direction of weight change. Maintaining a steady weight should be recommended to benefit from reduced risk of death.
